308 ARDS = acute respiratory distress syndrome; bp = base pair; HLA = human leukocyte antigen; IL = interleukin; IL-1Ra = interleukin-1 receptor antagonist; LPS = lipopolysaccharide; LT-α = lymphotoxin-α; SNP = single nucleotide polymorphism; SP = surfactant protein; TLR = Toll-like receptor; TNF = tumor necrosis factor.
ARDS = acute respiratory distress syndrome; bp = base pair; HLA = human leukocyte antigen; IL = interleukin; IL-1Ra = interleukin-1 receptor antagonist; LPS = lipopolysaccharide; LT-α = lymphotoxin-α; SNP = single nucleotide polymorphism; SP = surfactant protein; TLR = Toll-like receptor; TNF = tumor necrosis factor.
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The fact that individual genetic differences impact on the risk for developing or dying from various diseases has long been accepted. Typical examples include sickle cell trait and malaria, BRCA2 mutations and breast carcinoma, and trinucleotide repeats and a variety of neurologic diseases, including Huntington disease.
Physicians have also long been aware of the markedly different responses of seemingly similar individuals to the same inflammatory or infectious agents. The role of individual genetic differences as an explanation for these observations has been the subject of much speculation. The strongest observational evidence of a genetic influence comes from a study conducted by Sorenson and colleagues [1] . In their study of adoptees, the death of a biologic parent from infection was associated with a five times greater risk for death from infection. During the past half-decade, advances in knowledge of the human genome, greater understanding of the inflammatory response, and the development of genotyping technologies have allowed us to start the process of identifying specific genetic mutations associated with different inflammatory phenotypes.
In the present review, we discuss recent studies that have identified genetic differences in inflammatory proteins that are associated with different phenotypic presentations of system inflammation.
Basic genetic terminology
A region of DNA that encodes a protein product is called an exon. Introns are the noncoding regions of DNA that separate exons. Most genes consist of several exons and introns. The rate at which genes are transcribed is controlled by a variety of nuclear proteins that bind to different areas of DNA in the 5′ (upstream) region from the first exon. The segment of DNA that controls the regulation of transcription of a gene is known as the promoter region.
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Science review: Genetic variability in the systemic inflammatory response
A variety of mutations can occur in DNA, some of which lead to a change in function or production of a gene product. The simplest change is the substitution of one nucleotide for another, which is known as a single nucleotide polymorphism (SNP). A number of other mutations occur, including deletion or insertion of one or more nucleotides, and insertion of multiple repeating sequences (e.g. the trinucleotide repeats mentioned above). Mutations that occur in an exon may lead to a change in the protein structure encoded by the gene. Changes that occur in a promoter region may alter the binding of a transcription activating or suppressing factor, altering the rate of transcription of the gene. Although introns were considered to be 'junk DNA', and consequently mutations in introns were believed to be unimportant biologically, it is now appreciated that polymorphisms within introns can affect gene regulation, particularly when near the intron-exon boundary [2, 3] .
SNPs are referred to by their distance (i.e. the number of bp away) from the transcription activating site. Therefore, gene X -505 indicates that the SNP is 505 bp upstream of the X gene, potentially in the promoter region. Gene X +505 indicates the SNP is 505 bp downstream of the transcription activating site, potentially in an exon or intronic region.
Variations in a gene that arise due to mutations are referred to as alleles. An individual's genotype is often referred to by the nucleotide carried at the polymorphic site in question (i.e. tumor necrosis factor [TNF]-α-308A or TNF-α-308G). An alternative nomenclature is sometimes used when a mutation causes an amino acid change in the protein (i.e. Toll-like receptor [TLR]-4 Thr399Ile indicates an isoleucine is substituted for a threonine at amino acid position 399). Finally, the most common allele can be referred to as allele 1 (or A), the second most common as allele 2 (or B), and so on (i.e. TNF-α-308 allele 1). Because allele frequencies can vary significantly between populations, the latter convention for naming has the potential to lead to considerable confusion, and we therefore avoid that convention wherever possible in the present review.
The inflammatory response
Following the recognition of foreign antigens, a variety of proinflammatory cytokines are released, along with counterregulatory or anti-inflammatory cytokines. Genetic polymorphisms with potential influences on the inflammatory response have been identified in a variety of antigen recognition pathways, proinflammatory cytokines, and anti-inflammatory cytokines ( Table 1 ).
The outcome of an inflammatory response is dictated by a variety of factors, including the pathogenicity and duration of the stimulus, and the balance between the proinflammatory and anti-inflammatory response. An excessive proinflammatory (or deficient anti-inflammatory) response is thought to be important in the pathogenesis of septic shock [4] . Equally, a deficient proinflammatory (or excessive anti-inflammatory) response could result in failure to clear an invading pathogen, with equally deleterious effects. A further adverse result of the anti-inflammatory response is the period of relative immunosuppression (also known as immunoparalysis or compensatory anti-inflammatory response syndrome [4] ) after an inflammatory insult. Prolonged compensatory anti-inflammatory response syndrome may be associated with excess mortality and morbidity because of increased risk for nosocomial infections [5] .
With substantial overlap between the functions of many cytokines, and frequently multiple antagonists for any given agonist, the ability to compensate for a certain amount of divergence in production of individual cytokines is significant. Therefore, for a single mutation to influence the outcome of an inflammatory response, the mutation must markedly alter Table 1 An enormous number of genes have been identified as having potentially important polymorphic sites the production or function of a critical inflammatory protein.
Although possible, a more likely scenario is the inheritance of multiple mutations in multiple proteins, each leading to small changes in production or function, but with a net serious deleterious effect.
Finally, for seemingly adverse mutations to be preserved in the human genome despite predisposition to a deleterious outcome in one disease, a survival advantage in another (i.e. different infection, malignancy, etc.) is quite possible. The sickle cell-malaria relationship is the most obvious example. Many of the polymorphisms described in this review were first studied in noninfectious or non-critical-care populations. A consistent relationship in these other inflammatory disorders adds to the validity of findings in the critically ill. Therefore, although identifying polymorphisms associated with adverse outcomes can provide useful insights into the inflammatory response, much more study will be needed before the full implications of carriage of specific polymorphisms in specific individuals can be determined.
The specific mutations in the systemic inflammatory response can be roughly grouped for discussion into three categories: antigen recognition, proinflammatory cytokines, and antiinflammatory cytokines.
Antigen recognition pathways CD14
CD14 is a glycosylphosphatidylinositol membrane-anchored protein that is expressed on the surface of macrophages, monocytes, and polymorphonuclear cells. Complexed with two other proteins, namely MD-2 and TLR-4, CD14 has been identified as a key endotoxin, or lippopolysaccharide (LPS) recognition pathway [6] . A second, CD14-independent LPS recognition pathway has also been identified that involves a complex of heat shock protein-70, heat shock protein-90, chemokine receptor-4, and growth differentiation factor-5 [7] .
A polymorphism at -159 involving a cytosine to thymidine transition has been identified in the CD14 gene [8] , with those who carry the T allele having greater circulating levels of soluble CD14. Because transgenic mice that over-express CD14 are highly susceptible to septic shock [9] , increased expression of CD14 may be an important risk factor for septic shock. Gibot and colleagues [10] recently found that carriage of the CD14 -159 TT genotype was more common in 90 French patients with septic shock than in 122 age-and sex-matched, healthy control individuals (71% versus 48%; P = 0.008). Currently clinical trials of CD14 blocking agents are underway. However, increased mortality from Gram-negative infections in animals treated with anti-CD14 antibodies [11] suggests that therapeutic intervention may potentially be limited.
Toll-like receptors
One of the most important recent discoveries of mechanisms of foreign antigen recognition is the identification of the group of proteins known as the TLRs. Toll protein was initially recognized in Drosophila as an important signaling molecule in innate immunity against bacteria and fungi. Thus far, 10 TLRs have been identified in humans [12] . TLR-4 appears to be essential for signal recognition of LPS, whereas TLR-2 appears to be vital for recognition of peptidoglycans from Gram-positive bacteria [12] .
Mice with a mutation in TLR-4 are highly resistant to LPS challenge [13] , and several coding region variations in human TLR-4 have been identified [14] , although their functional importance is as yet undetermined. Lorenz and colleagues [15] studied the TLR-4 Asp299Gly and TLR-4 Thr399Ile mutations in a French cohort of 91 patients with septic shock and 73 healthy control individuals. Interestingly, carriage of TLR-4 Asp299Gly was found only in the shock cohort (P = 0.05), although a potential confounding factor was a significant difference in the age of the control individuals (mean 37 years) as compared with cases (mean 58 years; P < 0.001). Although further studies are needed, the authors speculated that the TLR-4 Asp299Gly mutation may interrupt LPS signaling.
Consistent with its important role in the recognition of Grampositive bacteria, a TLR-2 mutation (Arg753Gln) was found to be associated with a reduced inflammatory response to Borrelia burgdorferi and Treponema pallidum [16] . In the same cohort as the TLR-4 study above [15] , the TLR-2 Arg753Gln mutation was found in only two individuals. Both had staphylococcal sepsis, which is consistent with this mutation predisposing to Gram-positive sepsis.
Proinflammatory cytokines
Tumor necrosis factor-α α TNF-α is a critical cytokine in the inflammatory response to infection [17] . Accordingly, any genetic variability in the production of TNF-α after an infectious stimulus could have a significant impact on the degree of inflammatory response and therefore potentially influence the clinical outcome.
In vitro studies have consistently found marked individual variation in TNF-α production after a variety of inflammatory stimuli [18] [19] [20] [21] . Early studies identified specific human leukocyte antigen (HLA) markers associated with variable TNF-α production (e.g. HLA A1B8DR3 haplotype in Caucasians [22] ). Subsequently, the highly polymorphic nature of the TNF locus has become appreciated, with more than a dozen SNPs and several microsatellites (areas of multiple nucleotide repeat sequences) being described.
A significant amount of evidence supports the biologic importance of polymorphisms within the TNF-α promoter region. A guanine (G) to adenine (A) transition at TNF-α-308, associated with the ancestral haplotype mentioned above [22] , is perhaps the best studied cytokine polymorphism and the one for which the best evidence of functional significance exists. Stimulation studies in healthy volunteers suggested that car-riage of the TNF-α-308 A allele is associated with significantly greater TNF-α production [23] and TNF-α mRNA transcription [24] , although the degree of difference may be depend on the cell type stimulated and the stimulus applied [25] . Carriage of the A allele of TNF-α-308 has been associated with an increased risk for many diseases, including septic shock [26] , severe cerebral malaria [27] , and death from meningococcal sepsis [28] .
Additional polymorphisms within the TNF-α promoter may also influence the rate of transcription of TNF-α, including TNF-α-238 [29] , TNF-α-376 [30] , and TNF-α-1031 [31] . Clinical association studies suggest mutations at TNF-α-376 are risk factors for severe malaria [30] and mutations at TNF-α-238 are risk factors for death from community-acquired pneumonia [32] , although not from meningococcal sepsis [33] .
Complicating assessment of TNF-α polymorphisms is the high degree of linkage disequilibrium between TNF-α promoter polymorphisms and between other polymorphisms within other nearby genes, many of which also have significant inflammatory roles. Although not a comprehensive list, among the nearby genes ( Fig. 1 ) are many with major inflammatory roles, including lymphotoxin-α (LT-α), lymphotoxin-β, the heat shock protein-70 complex, complement 4A and 4B, HLA B associated transcript 1, and the HLA A, B, C, DR, DP, and DQ loci.
Lymphotoxin-α α (also known as tumor necrosis factor-β β)
LT-α +250, a G to A transition in the first intron of LT-α, has been identified as a potentially influential locus in many inflammatory conditions. This polymorphism is part of a complex haplotype including the nonsynonymous mutation LT-α +250 Asp26Thr. Linkage disequilibrium with the TNF-α-308G allele and the LT-α +250 A allele [34] requires that these polymorphisms not be assessed in isolation. Carriage of the A allele of LT-α +250 has been associated with increased TNF-α production both in vitro [35] and in vivo [36, 37] , providing a biologically plausible mechanism of effect, although the mechanism by which this mutation impacts on TNF-α production is unknown.
In the landmark study of 40 patients with septic shock conducted by Stuber [36] , carriage of the LT-α +250 AA genotype carried a substantially greater risk for death (P = 0.002). Subsequent studies by the same group suggested that carriage of LT-α +250 A is also a risk factor for the development of septic shock, at least in a population of 110 post-trauma patients [37] . We have also found LT-α +250 AA genotype to be a risk factor for septic shock in patients with community-acquired pneumonia [34] . Interestingly, respiratory failure in the absence of shock strongly correlated with TNF-α +250 GG genotype, again suggesting that polymorphisms may be 'good' or 'bad', depending on the outcome of interest.
Interleukin-1α α and interleukin-1β β IL-1, a potent proinflammatory cytokine released by macrophages, also plays a key role in mediating endotoxin lethality [38] . The IL-1 family includes the agonists IL-1α and IL-1β, and the IL-1 receptor antagonist (IL-1Ra). Although both the IL-1β +3953 and -511 polymorphic sites may influAvailable online http://ccforum.com/content/7/4/308 LST-1 CKII ence levels of IL-1β in stimulated peripheral blood mononuclear cells [39] , no association was found with susceptibility to or outcome from septic shock by Fang and colleagues [40] . Kornman and coworkers [41] did find an association between IL-1β +3953 and risk for periodontitis, and so an effect of these polymorphisms on the inflammatory response in some conditions remains possible, but as yet not demonstrated.
Interleukin-6
IL-6 has been demonstrated to be a marker of the severity and outcome of sepsis by a number of groups, but whether this is an epiphenomenon or a more causative relationship is still undetermined. A haplotype involving at least four SNPs within the promoter has been identified and appears to influence the rate of transcription of IL-6 [42] . Schluter and colleagues [43] studied the IL-6 -174 C/G polymorphism -one of the SNPs in this haplotype -in 50 German patients with severe sepsis; they found that carriage of the IL6 -174 GG (low IL-6 secretor phenotype) genotype was associated with improved survival.
A common problem in interpreting the finding of an association between a polymorphism and a clinical outcome is demonstrated in the study conducted by Schluter and colleagues [43] . Despite the positive findings discussed above, no correlation was found between serum IL-6 levels and IL-6 -174 genotype. One interpretation of the lack of a phenotype-genotype correlation would be that the association is spurious. However, serum cytokine levels may have a poor correlation with tissue concentrations, and a single serum level taken at a variable time point after the onset of the inflammatory insult may tell us little about the amount of IL-6 produced in the early critical phases of the inflammatory response. Much greater research into genotype-phenotype relationships and how they are altered by external factors (such as comorbid diseases) is clearly required.
Anti-inflammatory cytokines
Interleukin-1 receptor antagonist As already mentioned, IL-1Ra is part of the IL-1 family of proteins and, as its name suggests, is a naturally occurring antagonist of IL-1α and IL-1β. IL-1Ra knockout mice have increased susceptibility to endotoxin-induced lethality whereas mice that over-express IL-1Ra are protected [44] , indicating that IL1-Ra is likely to play a key role in protection against the adverse effects of an inflammatory response.
Intron 2 of IL-1Ra contains a variable 86-bp tandem repeat containing at least three binding sites for DNA-binding proteins [45] . Alleles are named A1, A2, A3, A4, and A5, based on their relative frequency in healthy populations. In vitro studies suggest that fewer 86-bp repeats correlates with higher IL-1Ra protein production after LPS stimulation [46] . The relationship appears to be complex, with higher IL-1Ra found in the serum of healthy A2 allele carriers [46, 47] but only in those who also carry the high IL-1β genotype of IL-1β -511 [47] . Carriage of the A2 allele has been associated with increased risk for a number of inflammatory disorders, including systemic lupus erythematosis, Sjögren's syndrome, myasthenia gravis, alopecia areata, Grave's disease, periodontitis, Henoch-Schönlein nephritis, multiple sclerolis, ulcerative colitis, tuberculous pleurisy and insulin-dependent diabetes mellitus.
In 93 patients with severe sepsis, Fang and colleagues [40] found carriage of the A2 allele to be associated with a significantly greater risk for septic shock, with carriage of both the LT-α +250 AA and IL-1Ra A2/A2 genotypes universally fatal. Ma and colleagues [48] recently confirmed these findings in a study of 60 Chinese patients with severe sepsis, and Arnalich and colleagues [49] also demonstrated a 6.47-fold increased risk for death in IL-1Ra A2 carriers in a cohort of 78 Spanish patients with severe sepsis. Taken together, the weight of evidence would certainly suggest that this IL-1Ra locus has a very influential effect on the outcome of an inflammatory response.
Interleukin-10
IL-10 is also a potent anti-inflammatory protein. In a study of LPS stimulated whole blood, Westendorp and colleagues [33] found that family members of children who died from meningococcemia had significantly greater IL-10 production than did family members of children who survived. This suggests that genetic differences in IL-10 production are likely to be important in the outcome of severe sepsis.
Several polymorphisms have been identified in IL-10, including a three-SNP promoter haplotype [50] , and microsatellites in both the 3′ and 5′ regions [51, 52] . The promoter haplotype influences IL-10 production, with stimulated lymphocytes from individuals carrying IL-10 -1082A/-819C/-592C haplotype producing less IL-10 after concanavalin A stimulation than those carrying the 1082G/-819C/-592C haplotype [50] .
A variety of inflammatory diseases have been associated with IL-10 SNP promoter genotypes, including asthma severity, inflammatory bowel disease, rheumatoid arthritis, and systemic lupus erythematosus. The only published study of IL-10 genotype and severe sepsis to date found that the -1082 GG genotype was associated with a greater risk for meningococcal disease [53] . The -1082 GG genotype also appears to be a risk factor for chronic hepatitis C [54] . Further studies in severe sepsis are awaited.
Other proteins
Outside of the three broad groups of proteins detailed above are a large number of genes that may modify the outcome of a systemic inflammatory insult. Many of these genes encode proteins that are upregulated or downregulated by the inflammatory response, key examples of which include the coagulation system and tissue and wound repair. In some cases, gene mutations in the 'downstream' proteins may have a much greater impact than mutations in genes expressed early in the inflammatory response.
Studies of acute respiratory distress syndrome (ARDS), which is known to be associated with a marked inflammatory response [55, 56] , demonstrate the potential role of mutations within genes outside the inflammatory system. Homozygotes for the deletion allele of the angiotensin converting enzyme deletion/insertion polymorphism were markedly (P < 0.0001) over-represented in a cohort of patients with ARDS in the UK [57] . This angiotensin converting enzyme polymorphism has been associated with a wide arrange of predominantly vascular diseases, and the study conducted by Marshall and colleagues [57] suggests that the renin-angiotensin system may play a key role in the pathogenesis of ARDS.
An entirely different set of polymorphisms within the surfactant protein (SP)-A, SP-B, and SP-D genes has also been studied in patients with ARDS. In a case-control study, Lin and colleagues [58] found carriage of the SP-B +1580 C allele (which is associated with a change of isoleucine to threonine at amino acid 131) was associated with a 2.4 times increased risk for ARDS. Because SPs are known to be important in a number of pulmonary processes, including local host defense and modulating pulmonary inflammation, the association is biologically plausible.
Conclusion
An increasing array of polymorphisms in diverse inflammatory genes have been identified as candidates to explain part of the enormous phenotypic variability in the systemic inflammatory response. Currently published studies, although illuminating, are already inadequate to assess the relative influence of and interactions between the currently identified loci. Large, phenotypically detailed studies, with adequate statistical power to address these issues are now required. Clearly, the size of these studies will be beyond a single institution and will require large, multicenter, collaborative efforts. Despite the size and complexity of the task, enormous potential to develop new therapeutic interventions is clearly possible once we understand and can predict individual inflammatory responses.
